50 Lush RNAi antennae express an equivalent amount of Lush pro-(C) Genomic cDNA RNAi construct to target dGq␣. Genomic DNA tein found in one-half to one wild-type (CS) antenna. including exons three, four, and five (Talluri and Smith, 1995) and the splice acceptor of exon 6A were fused to an inverted dGq␣-cDNA fragment corresponding to the same region and cloned into pUAST.
where this protein is normally concentrated (Kim et al., 1998) . Two independent transgenic lines gave indistinguishable results (data not shown). LUSH is first expressed at the late pupal stage, and the LUSH protein is /GTRAGT sequences that function as splice donors (Mount et al., 1992 ) that could result in the loss of cDNA nearly absent from newly eclosed LUSH RNAi-expressing flies. This suggests that lush RNAi acts relatively rapidly sequences in the mature transcript. The use of the lush promoter in these constructs ensures the lush RNAi will to suppress expression. From these data, we conclude that transgenic flies expressing the lush genomic cDNA be expressed in the cells that normally synthesize this odorant binding protein (Kim et al., 1998) . In contrast RNAi construct have greatly reduced LUSH protein expression. to cloning uninterrupted inverted repeats, the genomic cDNA fusions were recovered at high frequency. Figure To quantitate the suppression of LUSH protein in the RNAi-expressing flies, we ran extracts from 50 LUSH 2A shows a Western blot containing antennal extracts from 20 wild-type flies and transgenic animals homozyRNAi-expressing antennae on a Western blot with serial dilutions of wild-type antenna extracts. Figure 2D shows gous for the lush RNAi construct. The 14 kDa LUSH protein is dramatically reduced in the antennae of flies that 50 LUSH-RNAi antennae express an equivalent amount of LUSH protein found in one-half to one wildexpressing the lush RNAi transgene. The loss of LUSH in the RNAi-expressing flies was confirmed by immunotype antenna. Therefore, we conclude that a single homozygous transgenic LUSH RNAi construct suppresses histochemical staining of frozen tissue sections with anti-LUSH antiserum ( Figure 2B ). As expected, the LUSH LUSH protein expression between 50-to 100-fold. protein was present in the control antennae but was absent from the lush RNAi-expressing samples. A faint Transgenic RNAi to Target the white Gene white encodes an ABC transporter required to localize signal was detectable in the LUSH RNAi antennae at the highest laser intensities (data not shown) but was pigments in eye pigment granules (Mackenzie et al.,  2000) . Hypomorphic mutations in white produce eye localized to the cell bodies, and not the sensillum lymph, have dark red eyes. By contrast, GMR-Gal4 flies expressing two copies of the white RNAi with the AUG lack eye pigmentation ( Figure 3B) . Notably, the eye color of these RNAi flies is indistinguishable from that of flies carrying white null mutations ( Figure 3C ). Identical results were obtained with the construct lacking the translation intiation site. Flies expressing a single white RNAi copy had a very faint orange color (data not shown). These results indicate that RNAi constructs composed of genomic cDNA fusions can mimic null mutant alleles and that the potential for the RNAi construct to be translated is probably not important for suppression. The first three coding exons are shared by all splicing variants of dGq␣. Thus, we used this region of the gene to generate the dGq␣ RNAi, expecting all splicing variants to be targeted ( Figure 1C ). The dGq␣ RNAi was cloned into pUAST and transgenic flies were generated. To explore the effectiveness of this RNAi construct, we Figure 3A shows that GMR-Gal4 flies
Transgenic RNAi to Target the G Protein

A Role for Gq Signaling in Olfactory Neurons
Next, we used the dGq␣-RNAi construct to explore the role of dGq␣ signaling in olfactory transduction. The biochemical mechanisms that mediate chemosensory signaling in insects are unknown, but the identification of seven transmembrane receptors expressed in most olfactory neurons strongly argues for a G protein signaling mechanism. dGq␣-3 is a candidate for transducing olfactory signaling in olfactory receptor neurons. However, dGq␣-3 is widely expressed in adults. Thus, to explore its role in olfaction, we targeted expression to a subset of olfactory neurons. We cloned the upstream regulatory sequences of the OR83b receptor, a putative odor receptor expressed in a large fraction of olfactory neurons (Vosshall et al., 1999) . We created flies that express Gal4-VP16 under control of OR83b regulatory sequences and crossed them to flies expressing a myctagged version of the OR83b receptor under UAS control. OR83b-myc reporter expression is specifically restricted to most, but not all, olfactory neurons ( Figure  5A ). No transgene expression was detected outside the olfactory organs.
Figures 5B and 5C show that flies expressing dGq␣ϪRNAi constructs in the olfactory neurons with the OR83b promoter produce odor-specific defects in olfactory behavior. For example, the behavioral responses to isoamyl acetate are dramatically altered using T maze olfactory behavior assays (Tully and Quinn, 1985) . At isoamyl acetate concentrations ranging from 10 Ϫ5 to 10 Ϫ2 M, flies expressing dGq␣ RNAi in olfactory neurons appear insensitive to this compound compared to controls ( Figure 5B ). Responses to benzaldehyde are altered in a more complex manner ( Figure 5C ). At 10 Ϫ5 M, there is little difference among the groups to benzaldehyde. However, at 10 Ϫ4 M, benzaldehyde induces avoidance behavior in RNAi-expressing flies, but still elicits attraction in controls. All genotypes are equally repelled by benzaldehyde at 10 Ϫ3 and 10 Ϫ2 M. Responses to diluent (paraffin oil), crushed apples, or Drosophila food are not different between the two groups ( Figure 5D ). (2000) , benzaldebetween inverted repeats to facilitate cloning of RNAi hyde is slightly less attractive to the RNAi-expressing constructs to target yellow. Multiple copies of the RNAi flies compared to controls. At 10 Ϫ4 , BZ acts as repellant constructs (three to six copies) were required to produce to the RNAi flies, while still attracting controls. These strong phenotypes, even when expressed under actin data are consistent with a selective defect in attraction or heat-shock promoters. Therefore, including a spacer to benzaldehyde. Avoidance of benzaldehyde, as well between the repeats facilitates cloning but does not as responses to odors not affected by the RNAi conappear to dramatically improve the efficiency of supstruct, may be mediated through alternate signaling pression. These workers also noted variability among mechanisms, perhaps through different G proteins. Altransgenic lines. These difficulties led us to try transternatively, olfactory behavioral responses not affected genic RNAi constructs containing introns. While we have by our RNAi construct may be mediated by the subset not directly compared the effects of inverted repeat conof olfactory neurons not expressing the construct. These structs to those containing introns using the same gene, results provide direct in vivo evidence that heterotrithe efficacy of our constructs at even single copies repmeric G proteins of the Gq mediate olfaction in insects. resents a great improvement over these previous studThis RNAi approach provides a powerful tool to effecies and suggests that splicing may be important to effitively manipulate gene expression in flies that will faciliciently produce RNAi with transgenes. find application in vertebrate systems in the near future.
Drosophila Behavioral Assays Experimental Procedures
T tube odor choice tests were performed as previously described (Tully and Quinn, 1985) . Performance index (PI) was calculated as ([number Drosophila Stocks and Transgenic Flies of flies attracted to odor/total number flies] ϫ 2 Ϫ 1) ϫ 100. Oregon R, Canton S, and w 1118 were used as controls in these studies.
Open chamber experiments were performed in 24 ϫ 24 in populaRh1-Gal4 flies were provided by Rama Ranganthan. Transgenic flies tion cages containing 100 flies of each genotype. Traps consisted were generated as previously described (Karess and Rubin, 1984) .
of borosilicate test tubes containing 5% yeast extract in 1% agarose. GMR-Gal4 was described in Hay et al. (1994) . Transgenic RNAi flies Flies were allowed to interact with the traps for 8 hr, and the flies were homozygous for the transgenes with the exception of the pRh1 within the traps were sorted by eye color and counted. The experiGal4; UAS dGq␣ RNAi flies that carry a single copy of each transment was repeated three times and statistical analysis was pergene. In all cases, a minimum of two independent-transformant formed using the Student's t test. strains were compared for each construct.
Electrophysiology RNAi Constructs
Electroantennograms recordings (ERG) were performed on flies Genomic and cDNA fragments were amplified using PCR with primmounted on the end of a 200 l ependorf tip and immobilized with ers containing unique restriction sites. See supplemental data (onmyristic acid. Glass electrodes were filled with standard saline (0.7% line at http://www.neuron.org/33/2/177/DC1) for specific construct NaCl). Light stimuli were delivered by a 100 W Xenon arc lamp information and for a protocol to facilitate generation of RNAi con-(Oriel, Stratford, CT) using an interference filter (480 Ϯ 10 nm); (Oriel, structs. PCR products were cloned using TA cloning kit (InVitrogen, Stratford, CT). Neutral density filters (Oriel, Stratford, CT) were used Carlsbad CA) and sequenced. Fragments were selected to avoid to produce different light intensities. All recordings were performed splice donor sequences (/GTNNGT) within the inverted cDNA (Mount under dim red light. Flies were stimulated by light pulses of 2 s et al., 1992). To disrupt direct repeats as much as possible, cDNA duration, and responses were amplified using a differential amplifier sequences were fused to the genomic sequence just after a splice (Warner Instruments, Handen, CT), filtered at 1 kHz, and digitized acceptor. For lush, the genomic PCR included 1.6 kb of regulatory at 300 kHz. Data were collected using Clampex V8.0 (Axon Instrusequence upstream of the first noncoding exon and contained a ments, Foster City, CA) and analyzed using Matlab 6.1 (Mathworks Not1 site at the 5Ј end and a Asc1 site at the 3Ј end. This was ligated Inc., Natick, MA). Flies were allowed to recover for 1 min between to a lush cDNA fragment corresponding to the genomic region that flashes. was isolated using PCR primers containing an Asc1 site at the 5Ј end and an Xba site at the 3Ј end. These fragments were cloned Acknowledgments into Bluescript lush A n (containing the 3Ј untranslated portion of lush as a EcoR1-Sal1 fragment) as a Not1 to Xba1 fragment. The
The authors thank Tamara Elmore for helping to characterize the completed construct was digested with Not1 and Sal1 and cloned OR83b promoter; Mike Socolitch and Rama Ranganathan for assisinto Casper4 (Pirrotta, 1988) 
